A rise in extracellular D-glucose concentration causes in pancreatic islets a preferential stimulation of aerobic, relative to total, glycolysis. The possible participation in such a phenomenon of a glucose-induced and Ca2l-dependent activation of FAD-glycerophosphate dehydrogenase was investigated. In islet homogenates, the activity of the mitochondrial and Ca2+-responsive FAD-glycerophosphate dehydrogenase was about two orders of magnitude lower than that of the cytosolic and Ca2+-insensitive NAD-glycerophosphate dehydrogenase. In islet mitochondria, Ca2+ increased the affinity of the FAD-glycerophosphate dehydrogenase for L-glycerol 3-phosphate, but did not affect the maximal reaction velocity. In the presence of 0.1 mM-L-glycerol 3-phosphate, the Ka for Ca2+ was close to 0.1 aM. When intact islets were preincubated in the presence of both D-glucose and Ca2 the activity of FAD-glycerophosphate dehydrogenase measured in intact mitochondria incubated in the presence of 1.2 uM-Ca2+ was higher than that recorded under the same conditions in islets preincubated in the absence of D-glucose and/or Ca2+. These findings support the view that, in islets exposed to a high concentration of D-glucose, a Ca2+-induced activation of mitochondrial FAD-glycerophosphate dehydrogenase favours the transfer of reducing equivalents by the glycerol phosphate shuttle, and hence accounts, in part at least, for the preferential stimulation of aerobic glycolysis.
INTRODUCTION
A rise in the extracellular concentration of D-glucose causes, in pancreatic islets, a preferential stimulation of aerobic, relative to total, glycolysis [1] . This phenomenon, which was confirmed in a study of the Pasteur effect in the islets [2] , appears attributable to an accelerated transfer of reducing equivalents into the mitochondria as mediated by the glycerol phosphate shuttle [3, 4] rather than malate-aspartate shuttle [5] . It represents an essential feature of the metabolic and, hence, secretory response to Dglucose in this fuel-sensor organ [6] . It is perturbed either in the absence of extracellular Ca2l [7] or in certain models of f-cell dysfunction [1, 8, 9] . The present study provides support for the proposal, recently formulated [10] , that the glucose-induced stimulation of the glycerol phosphate shuttle in pancreatic islets may be attributable, in part at least, to activation by Ca2l of the mitochondrial FAD-linked glycerophosphate dehydrogenase. This activation was repeatedly documented in isolated mitochondria from different cell types [11] [12] [13] . Previous studies have already documented the presence of this enzyme in islet homogenates or mitochondria [4, 9, 14, 15] and explored changes in its activity in insulinomas [16] , aging [17] or hyperthyroidism, with conflicting data on the last issue [18, 19] .
MATERIALS AND METHODS
Pancreatic islets were isolated by the collagenase method [20] from the pancreas of fed albino rats. Groups of 800-1 000 islets were homogenized in a Potter-Elvehjem tube (20 strokes) in 0.4 ml of an iced Hepes/NaOH buffer (5.0 mm, pH 7.2) containing 60 mM-sucrose, 190 mM-mannitol, 15 mM-KCl, 3 mM-KH2PO4, 1.0 mM-MgCl2 and 0.5 mM-EGTA. After centrifugation for 10 min at 780 g, a sample (0.33 ml) of the supernatant fraction was removed, and the remaining material was mixed with 0.33 ml of the same buffer, again homogenized (20 strokes) and centrifuged for 10 min at 780 g. A sample (0.33 ml) of the supernatant fraction obtained after this second centrifugation was pooled with that collected after the first centrifugation. To isolate islet mitochondria, this pooled post-nuclear supernatant was then centrifuged at 32000 g for 20 min at 4 'C. The mitochondrial pellet was resuspended in 0.75 ml of the Hepes buffer, and the post-mitochondrial supernatant was further centrifuged for 60 min at 100000 g in order to isolate a post-microsomal supernatant. In this procedure, the recovery of enzymic activity in the post-nuclear supernatant, relative to that measured in the crude homogenate, averaged 84.0 +2.6 % (n = 25) for lactate dehydrogenase and 56.9 + 2.2 % (n = 24) for glutamate dehydrogenase.
The method used to isolate liver mitochondria was previously described [21] . In this method, the protein content of the postnuclear supernatant averaged 82.1 1.9 % of that in the crude homogenate, and the activity of glutamate dehydrogenase in the mitochondrial pellet represented 87.0 + 4.9 % of the paired value recorded in the post-nuclear supernatant (n = 4 in both cases).
NAD-glycerophosphate dehydrogenase was assayed in 90 ,ul of the Hepes buffer (see above) containing the material derived from two to three islets, 0.05-12.0 mM-dihydroxyacetone phosphate, 0.1 mM-NADH, 1.0 mM-KCN, 0.01 mM-rotenone and, when required, 0.45 mM-CaCI2. After incubation for 20 min at 37 'C, the reaction was halted by heating for 10 min at 70 'C, and the assay of NAD+ was performed, as described elsewhere [22] islets per sample. When the islet material had been sonicated, FAD (50 ,UM) was also present in the assay medium. The reaction was halted by adding 30,1 of citrate/NaOH buffer (0.4 M, pH 4.9) containing KCN (5 mM), rotenone (10 ,UM) and antimycin A (10 UM), and the 3HOH was recovered as described elsewhere [23] .
The second procedure, used in a limited series of experiments conducted on liver mitochondria, was conducted in a volume of 120 ,ul in the presence of unlabelled D-glycerol 3-phosphate. The reaction was halted by adding 60 ,ul of HC104 (7.5 %, w/v), the samples being then frozen in liquid N2 and disrupted by mechanical vibration [24] . A sample (50 ,ul) of the HCl04 extract was neutralized by addition of 25 ,ul of a solution of KOH (1.0 M) and Tris (0.2 M). After centrifugation (5000 g, 3 min), samples (20 ,ul) of the supernatant were mixed with 30 ,ul of a 2-amino-2-methylpropanol solution (50 mm, pH 9.0) containing NADI (1.7 mM), Na2HAsO4 (1.7 mM), mercaptoethanol (3.3 mM) and rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (0.08 unit/sample), with or without yeast triose phosphate isomerase (1.0 unit/sample). After 30 min incubation at 20°C, the reaction was halted by heating for 10 min at 70°C, the NADH forming being measured by a radioisotopic procedure [25] .
The assay of glutamate dehydrogenase was conducted, as described elsewhere [24] , over 45 min incubation at 20°C, after mixing the islet extract (50 #d) with Tris/HCI buffer (100 mM, pH 8.0) containing 2-oxo[U-'4C]glutarate (0.5 mM), ADP (2.0 mM) and ammonium acetate (50 mM), with or without NADPH (0.6 mM). The assay of lactate dehydrogenase was performed, as previously reported [26] , after mixing the islet extract (50,1) with Hepes/NaOH buffer (50 mm, pH 7.4) containing L-lactate (20 mM) and NADI (2 mM). After 20 min incubation at 20°C, the reaction was stopped by heating for 10 min at 80°C, and the NADH formed measured by the radioisotopic procedure [25] .
Protein was measured by the method of Lowry et al. [27] , with BSA as standard. The concentration of Ca2+ was calculated from that of EGTA and CaCl2 [28] .
In the last series of experiments, groups of 300-400 islets each were preincubated for 60 min in 1.0 ml of a bicarbonate-buffered medium [20] containing BSA (5 mg/ml) in the absence or presence of Ca2+ (1.0 mM), D-glucose (16.7 mM) and/or EGTA (0.25 mM). After this preincubation, the islets were placed in a Potter/ Elvehjem tube, washed twice with the iced Hepes/NaOH buffer (see above) and homogenized (20 strokes) in 0.2 ml of the same buffer. After centrifugation for 10 min at 780 g, a sample (0.16 ml) of the supernatant was removed, and remaining material was mixed with 0.16 ml of the same buffer, again homogenized (20 strokes) and centrifuged for 10 min at 780 g. A fraction (0.16 ml) of the supernatant obtained after the second centrifugation was pooled with that collected after the first centrifugation. Samples (50 ,ul each) of the mitochondrial suspension were then incubated for 10 min at 37°C in a final volume of 75,ul, 
RESULTS

NAD+-glycerophosphate dehydrogenase
The NAD+-glycerophosphate dehydrogenase activity in the post-nuclear supernatant of pancreatic islets averaged, when measured in the presence of dihydroxyacetone phosphate (2.0 mM) and NADH (0.1 mM), 12 .2+1.4 pmol/min per islet (n = 9). The fraction of this activity recovered in the postmicrosomal supernatant was similar to that found for lactate dehydrogenase ( Table 1 ). The activity of the enzyme was not affected by Ca2l (1.2 #M), in either the post-nuclear or the postmicrosomal supernatant, with a paired Ca2+/no-Ca2+ ratio of 100.1 + 4.7 % (n = 24). In the post-nuclear supernatant the Km for dihydroxyacetone phosphate was close to 7 mm (Fig. 1) .
FAD-glycerophosphate dehydrogenase
The measurement of FAD-glycerophosphate dehydrogenase activity was based on the generation of 3HOH from L-[2-3H]glycerol 3-phosphate. Control experiments indicated that, in intact liver mitochondria, the reaction velocity was virtually identical when estimated through either the generation of 3HOH from L-[2-3H]glycerol 3-phosphate or the production of dihydroxyacetone phosphate from unlabelled L-glycerol 3-phosphate (Fig. 2a) . The radioactive procedure also yielded comparable results in either intact mitochondria or sonicated mitochondria incubated in the presence of 50 /uM-FAD (Fig. 2b) . The data illustrated in Fig. 2 further document that the concentrationdependency towards L-glycerol 3-phosphate and the activation of the enzyme by Ca2+ were also comparable in the radioactive or non-isotopic procedure, and in intact or sonicated mitochondria. In these experiments, Ca2+ (1.2,M) indeed caused, in intact liver mitochondria, a 4-fold increase in the affinity of the FAD-glycerophosphate dehydrogenase for L-glycerol 3-phosphate, while failing to affect the maximal reaction velocity (Fig. 3) . In pancreatic islets, the activity of FAD-glycerophosphate dehydrogenase averaged, when measured in the presence of 0.1 mM-L-glycerol 3-phosphate but in the absence of Ca2 , 22.4 + 1.1 (n-= 6) and 24.0 + 0.6 (n = 9) fmol/min per islet respectively in intact and sonicated mitochondria. Such an activity was much higher than that measured under the same experimental conditions in liver mitochondria. Thus, despite the lower recovery of mitochondrial enzymic activity (e.g. glutamate dehydrogenase) during the subcellular fractionation of islets rather than liver (see above), the reaction velocity in the mitochondrial fraction, when expressed per mg of islet or liver wet weight, was 5.85 + 0.15 pmol/min in islet mitochondria, as distinct from only 0.71 + 0.05 pmol/min in liver mitochondria (n = 11-15). In the islets, the percentage of activity recovered in the mitochondrial pellet, relative to that present in the postnuclear supernatant, was not significantly different (P > 0.1) for FAD-glycerophosphate dehydrogenase and glutamate dehydrogenase ( Table 1 ). The incomplete recovery of enzymic activity in the mitochondrial pellet is mainly attributable to contamination of the microsomal pellet by light mitochondria [29] .
Whether in sonicated material prepared from the islet mitochondrial pellet or in intact mitochondria present in the islet crude homogenate, the affinity of the FAD-glycerophosphate dehydrogenase for L-glycerol 3-phosphate was increased 2-3-fold by Ca2+ (1.2,C4M), with little if any change in maximal velocity (Fig. 4) . In these experiments, Ca2+ lowered the Km for L-glycerol 3-phosphate from about 1.4 to 0.6 mm in sonicated Vol. 278 mitochondria and from approx. 1.1 to 0.5 mm in intact mitochondria. The reaction velocity, expressed per islet, was about 4 times higher in the crude homogenate than in the sonicated mitochondrial pellet, in fair agreement with the data obtained in the experiments designed to study the subcellular distribution of the enzyme (see above).
At a low concentration of L-glycerol 3-phosphate (0.1 mM), the increase in reaction velocity provoked by increasing concentrations of Ca2+ (30 nM-O.05 mM) yielded an apparent Ka for Ca2+ close to 0.1 LM (Fig. 5) .
In intact islet mitochondria, the generation of 3HOH from L- [2- (1.2 uM), for measurement of 3HOH production from L-[2-3H]glycerol 3-phosphate (0.1 mM).
As illustrated in Table 2 , the basal activity of FAD-glycerophosphate dehydrogenase, as measured in the absence of extramitochondrial Ca2+, was not significantly affected by the prior exposure of the islets to D-glucose, whether the preincubation was conducted in the absence or presence of extracellular Ca2 . The basal activity was lower, however, in islets preincubated in the absence rather than in the presence of Ca2+ (P < 0.005), independently of the absence or presence of D-glucose in the preincubation medium. Pooling all available data, the basal activity in islets preincubated in the absence of Ca2+ averaged 77.2 + 3.40% (n = 30) of that recorded in islets preincubated in the presence of the bivalent cation.
The incorporation of Ca2+ (1.2 /tM) in the final assay medium always significantly increased the activity of FAD-glycerophosphate dehydrogenase (Table 2 ). Relative to the paired basal value, the extent of such an increase in enzymic activity was not significantly different in the islets preincubated, in the absence of D-glucose, with or without extracellular Ca2. Pooling the two series of observations, it averaged 44.0 + 3.6 % (n = 32). The mean increase in reaction velocity attributable to the presence of extramitochondrial Ca2`was more marked when the islets had been preincubated in the presence of D-glucose, amounting to 75.6+9.5% and 66.3+8.3% (n = 15 in both cases) in glucosestimulated islets preincubated in the presence and absence of extracellular Ca2+ respectively. Although the latter values were not significantly different from one another (P > 0.4), the difference between glucose-stimulated and glucose-deprived islets, in terms of the relative extent of activation of FAD-glycerophosphate dehydrogenase by extramitochondrial Ca2 , was highly significant (P < 0.005) in islets preincubated in the presence of extracellular Ca2+, but was at the limit of statistical significance (P < 0.06) in islets preincubated in the absence of extracellular Ca2 . As a result of these differences in either basal velocity or Ca2+_ induced activation of FAD-glycerophosphate dehydrogenase, the rate of 3HOH production recorded in the presence of extramitochondrial Ca2+ was 7higher (P < 0.005) in islets preincubated in the presence of both D-glucose and Ca2+ than the mean value found in islets preincubated in the absence of Dglucose and/or Ca2 , in which case no significant difference was detected between the three sets of results.
DISCUSSION
The present results document the presence in pancreatic islets of the two enzymes involved in the glycerol phosphate shuttle, namely a cytosolic NADI-linked and Ca2+-insensitive glycerophosphate dehydrogenase and a mitochondrial FAD-linked and Ca2+-responsive glycerophosphate dehydrogenase. The method here used for the assay of the latter enzyme was more specific than that proposed elsewhere [14] , since 3HOH was recovered by evaporation/condensation rather than separated from its precursor by chromatography, in which case the results might be affected by unspecific phosphatase activity. Our measurements confirm that the activity of the FAD-glycerophosphate dehydrogenase is much higher in islets than in liver cells [14] . In pancreatic islets, the activity of the latter enzyme was about two orders of magnitude lower than that of the cytosolic dehydrogenase. Hence the mitochondrial enzyme is likely to play a major role in the regulation of the metabolic flow in the glycerol phosphate shuttle [30] .
FAD-linked glycerophosphate dehydrogenase is an outwardly facing enzyme which responds to extramitochondrial rather than intramitochondrial Ca2+ concentration [31] . The increase in cytosolic Ca2+ concentration occurring in glucose-stimulated islets [32] could thus lead to activation of the enzyme. This in turn could account, in part at least, both for the preferential stimulation of aerobic glycolysis relative to total glycolysis in islets exposed to increasing concentrations of extracellular D-glucose [1] and for the suppression of such a preferential stimulation in islets exposed to a high concentration of the hexose but deprived of extracellular Ca2+ [7] .
It should be duly underlined that these proposals do not deny the view that the fundamental mechanism for stimulus-secretion coupling in the pancreatic fl-cell resides in the closure of ATPsensitive K+ channels, subsequent depolarization of the plasma membrane and eventual gating of voltage-sensitive Ca2+ channels as primarily caused by an increase in the rate of glucose metabolism, and hence in the cytosolic ATP/ADP ratio [33] . The activation by Ca2+ of FAD-.glycerophosphate dehydrogenase would then represent, like that of pyruvate dehydrogenase [34] and 2-oxoglutarate dehydrogenase [21] , a modality for potentiation or self-enhancement of such a stimulus-secretion coupling.
The experiments including preincubation of intact islets in the absence or presence of D-glucose and/or extracellular Ca2+, and then measurement of FAD-glycerophosphate activity in mitochondria, suggest that a rise in extramitochondrial Ca2+ concentration may not represent the sole factor responsible for activation of the enzyme by D-glucose in intact islet cells.
In these experiments, two changes in enzymic activity were observed. First, the basal activity measured in mitochondria incubated in the absence of Ca2+ was lower when the islets were preincubated in the absence rather than in the presence of extracellular Ca2 . Second, the activation of the enzyme caused by a rise in the extramitochondrial concentration of Ca2+ was more pronounced when the islets were preincubated in the presence rather than in the absence of D-glucose. Such a phenomenon was most obvious when the preincubation medium contained extracellular Ca2 .
Two mechanisms might account for these findings. First, the Ca2+ content of the mitochondria at the end of the preincubation period could conceivably affect the Ca2+ concentration between the mitochondrial inner and outer membranes during the further incubation of mitochondria [351. For instance, the prolonged exposure of islets to Ca2+-depleted media may eventually lower the mitochondrial Ca2+ content and, through a subsequent change in the Ca2+ concentration in the space between the inner and outer membranes, decrease the basal activity of FADglycerophosphate dehydrogenase. Likewise, the greater response evoked by extramitochondrial Ca2+ in mitochondria from islets preincubated with D-glucose could reflect Ca2+ accumulation in the mitochondria during the preincubation period [32] . As a result, full activation of FAD-glycerophosphate dehydrogenase would occur in intact mitochondria through the supply of Ca2+ from both the extramitochondrial and intramitochondrial cationic pools.
As a second, alternative or complementary hypothesis, it cannot be ruled out that prior exposure of the islets to a high concentration of D-glucose somehow affects the activity of FAD-linked glycerophosphate dehydrogenase independently of the actual Ca2+ concentration in the vicinity of the enzyme. This proposal is consistent with recent observations suggesting that, in pancreatic islets exposed to a given concentration of Dglucose, factors other than the cytosolic Ca2+ concentration regulate the rate of aerobic glycolysis [36] .
The present findings nevertheless support the view that a Ca2+_ induced activation of FAD-glycerophosphate dehydrogenase participates in the preferential stimulation of aerobic glycolysis in islets exposed to high concentrations of D-glucose. The relevance ofthis concept to the cytophysiology ofinsulin secretion is reinforced by the recent observation that a site-specific suppression of islet FAD-glycerophosphate dehydrogenase occurs in the model of non-insulin-dependent diabetes found in adult rats injected with streptozotocin during the neonatal period [9] .
